During endocytosis, energy is invested to narrow the necks of cargocontaining plasma membrane invaginations to radii at which the opposing segments spontaneously coalesce, thereby leading to the detachment by scission of endocytic uptake carriers 1 . In the clathrin pathway, dynamin uses mechanical energy from GTP hydrolysis to this effect [2] [3] [4] , assisted by the BIN/amphiphysin/Rvs (BAR) domaincontaining protein endophilin 5, 6 . Clathrin-independent endocytic events are often less reliant on dynamin 7 , and whether in these cases BAR domain proteins such as endophilin contribute to scission has remained unexplored. Here we show, in human and other mammalian cell lines, that endophilin-A2 (endoA2) specifically and functionally associates with very early uptake structures that are induced by the bacterial Shiga and cholera toxins, which are both clathrinindependent endocytic cargoes 8 . In controlled in vitro systems, endoA2 reshapes membranes before scission. Furthermore, we demonstrate that endoA2, dynamin and actin contribute in parallel to the scission of Shiga-toxin-induced tubules. Our results establish a novel function of endoA2 in clathrin-independent endocytosis. They document that distinct scission factors operate in an additive manner, and predict that specificity within a given uptake process arises from defined combinations of universal modules. Our findings highlight a previously unnoticed link between membrane scaffolding by endoA2 and pulling-force-driven dynamic scission.
During endocytosis, energy is invested to narrow the necks of cargocontaining plasma membrane invaginations to radii at which the opposing segments spontaneously coalesce, thereby leading to the detachment by scission of endocytic uptake carriers 1 . In the clathrin pathway, dynamin uses mechanical energy from GTP hydrolysis to this effect [2] [3] [4] , assisted by the BIN/amphiphysin/Rvs (BAR) domaincontaining protein endophilin 5, 6 . Clathrin-independent endocytic events are often less reliant on dynamin 7 , and whether in these cases BAR domain proteins such as endophilin contribute to scission has remained unexplored. Here we show, in human and other mammalian cell lines, that endophilin-A2 (endoA2) specifically and functionally associates with very early uptake structures that are induced by the bacterial Shiga and cholera toxins, which are both clathrinindependent endocytic cargoes 8 . In controlled in vitro systems, endoA2 reshapes membranes before scission. Furthermore, we demonstrate that endoA2, dynamin and actin contribute in parallel to the scission of Shiga-toxin-induced tubules. Our results establish a novel function of endoA2 in clathrin-independent endocytosis. They document that distinct scission factors operate in an additive manner, and predict that specificity within a given uptake process arises from defined combinations of universal modules. Our findings highlight a previously unnoticed link between membrane scaffolding by endoA2 and pulling-force-driven dynamic scission.
Shiga toxin induces the clathrin-independent formation of endocytic plasma membrane invaginations as a first step in its entry into cells 8 . How this highly bent membrane domain is recognized by cellular machinery has remained unexplored. Here we screened an expression library of curvature-recognizing BAR domain proteins 9 for their localization to these structures. The screen was performed using the receptor-binding B-subunit of Shiga toxin (STxB) on cells with decreased levels of ATP to perturb active cellular machinery that is involved in the processing of these endocytic structures 8, 10 . Out of 17 different BAR proteins, only Toca-1, Toca-3 and amphiphysin-2 scored positively (Extended Data  Fig. 1a , yellow underlay). However, their short interfering RNA (siRNA)-mediated depletion did not affect STxB trafficking, hence these proteins were not studied further. In cells that expressed exogenous endoA2 (Extended Data Fig. 1a , green underlay), STxB-induced tubules were much shorter (Extended Data Fig. 1b) , suggesting a functional crosstalk between endoA2 and the STxB uptake process. Because in non-ATPdepleted cells STxB trafficking to the Golgi was not detectably altered by expression of green fluorescent protein (GFP)-tagged endoA2 (Extended Data Fig. 1c ), short tubules were probably the consequence of scission of longer tubules, rather than the inhibition of tubule formation.
At the plasma membrane and in very early uptake structures, STxB colocalized with endogenous endoA2 (Fig. 1a, b) or GFP-endoA2 (Fig. 1c , Extended Data Fig. 2a and Supplementary Video 1). Similar colocalization with endogenous endoA2 was observed for the GM1 glycosphingolipidbinding B-subunit of cholera toxin (CTxB) (Fig. 1a) , which shares with STxB many aspects related to endocytic membrane bending 11 . Furthermore, the lifetime of structures containing endoA2 strongly increased in the presence of STxB (Extended Data to the plasma membrane by STxB (Extended Data Fig. 2c 13, 14 . Notably, the overlap of endoA2 with fluorescent-protein-tagged clathrin or the m2 subunit of the clathrin adaptor AP2 was weak, both in transiently transfected HeLa cells, or genome-edited SK-MEL-2 cells (Fig. 1d and Extended Data Fig. 2d, e) . STxB also only weakly colabelled with clathrin pathway markers in both cell systems (Extended Data Fig. 2g-j) . By contrast, endoA2 extensively codistributed with dynamin ( Fig. 1d and Extended Data Fig. 2f) , as expected 5, 6 . In endoA2-depleted cells, short and apparently tubular STxB-containing invaginations were observed with sizes at the resolution limit of confocal light microscopy (Extended Data Fig. 3a) . Using a nanogold conjugate of STxB that was specifically developed for this study (Extended Data Fig. 3b, c) , it could be shown by electron microscopy that these structures were connected to the plasma membrane ( Fig. 2a and Extended Data Fig. 3d ). Their frequency did not increase after depletion of endoA2 (Fig. 2b, left) , whereas their average length significantly increased (Fig. 2b , right). These findings were strongly in favour of a function for endoA2 in scission of STxB-induced endocytic plasma membrane invaginations.
Retrograde STxB trafficking to the trans-Golgi network (TGN) in endoA2-depleted cells was quantified using a STxB variant with tandem protein sulfation sites, termed STxB-Sulf 2 . With different siRNAs that had variable depletion efficiencies (Extended Data Fig. 4a ), we found that sulfation of STxB-Sulf 2 in TGN membranes was inhibited in a dosedependent manner with cellular endoA2 levels (Fig. 2c) , while STxB cellsurface binding was not decreased (Extended Data Fig. 4b) . Depletion of the TGN-localized tSNARE protein syntaxin-16 served as a benchmark treatment 15 . We concluded that endoA2 was required for efficient STxB trafficking into cells. A similar conclusion was reached when CTxB endocytosis was analysed in endoA2-depleted BSC-1 cells (Extended Data Fig. 4c ).
In endoA2-depleted cells, the inhibition of STxB transport to Golgi membranes could also be documented by immunofluorescence (Fig. 2d) . Expression of siRNA-resistant endoA2 or a SH3 domain deletion mutant (DSH3) rescued this phenotype ( Fig. 2d and Extended Data Fig. 4d) , suggesting that the function of endoA2 in STxB trafficking was independent of SH3 domain interaction with binding partners such as dynamin. By contrast, an amino-terminal amphipathic helix deletion mutant (endoA2DH0) failed to rescue STxB trafficking ( Fig. 2d and Extended Data Fig. 4d) , probably owing to a role of this helix in membrane recruitment (see below). Correspondingly, endoA2DSH3 expression reduced STxB-induced tubule length on ATP-depleted cells, similar to wild-type endoA2, whereas endoA2DH0 failed to do so (Extended Data Fig. 4e ), reinforcing the hypothesis of endoA2 participating in membrane scission.
Depletion of endoA2 did not affect transferrin internalization or recycling, the steady-state localization of the clathrin cargo proteins TGN46 and cation-independent mannose 6-phophate receptor (CI-MPR) 16, 17 , or anterograde transport of E-cadherin (Extended Data Fig. 5a-c) . Clearly, it was the cellular entry of STxB and CTxB that was specifically altered under these conditions. By contrast, depletion of the m2 chain of AP2 had no effect on STxB trafficking, while transferrin uptake was efficiently blocked (Extended Data Fig. 5d-f) .
To address the function of endoA2 in scission, we exploited the knocksideways system 18 to remove endoA2 acutely and reversibly from its normal site of action at the plasma membrane. HeLaM cells were used that expressed (1) the mitochondrial trap construct Mito-YFP-FRB (containing a yeast mitochondrial membrane protein, the yellow fluorescent protein (YFP) reporter and the FKBP-rapamycin-binding (FRB) domain), and (2) endoA2 tagged with both GFP and the rapamycinbinding protein FKBP. In cells with reduced ATP levels, the length of STxB-induced tubules was only slightly increased after depletion of endogenous endoA2 ( Fig. 3a and Extended Data Fig. 6a ), owing to the presence of the siRNA-resistant FKBP-tagged endoA2 fusion protein.
The fusion protein was then sequestered on mitochondria by the addition of rapamycin, after which the length of STxB-containing tubules 
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significantly increased (Fig. 3a and Extended Data Fig. 6a ). This effect was reversible, as rapamycin washout led to significantly shorter tubules (release condition). These results strongly reinforced the idea that endoA2 is involved in the scission of STxB-induced endocytic invaginations. Controlled model membrane systems were then used to dissect aspects of endoA2 function with respect to membrane tubulation and scission. Cell-sized liposomes that reproduced a key aspect of natural membranes, that is, an asymmetric bilayer composition, were obtained via the inverse emulsion technique 19 (see Methods for leaflet compositions). To permit the acute introduction of endoA2 into the system, its topology was inverted with respect to the cellular situation: when indicated, STxB was included inside liposomes, whereas endoA2 was added to the external medium. Incubation with up to 4 mM endoA2 did not lead to the formation of tubules (Fig. 3b, condition 1) . By contrast, liposomes that contained STxB exhibited coiled tubular protrusions (condition 2). Addition of endoA2 to STxB-containing liposomes at concentrations of 2 or 4 mM (Fig. 3b, conditions 3 or 4 , respectively) caused tube straightening. Thus, endoA2 prompted the morphological transformation of STxBinduced tubular membranes.
For dynamic measurements, we turned to another setup in which optical tweezers were used to pull membrane tethers mechanically from giant unilamellar vesicles, held with a micropipette 20 . The force exerted by protein binding onto the tether membrane could be directly measured, tube radii controlled in a range from 10 to 100 nm, and tube elongation driven at controlled velocities. After endoA2 injection at concentrations as low as 1 mM (protein concentration inside the injection pipette), the tube retraction force decreased to zero (Fig. 3c) , indicating the formation of an external scaffold on the tether membrane, which probably explained the morphological transformation in the asymmetric bilayer system.
We did not observe spontaneous scission of endoA2-scaffolded tubes (n 5 35). However, when these were pulled further at elongation rates of ,0.5 mm s 21 , the tube retraction force increased ( Fig. 3d ), leading to breakage in 15 out of 18 cases (Fig. 3e) . Elongation of bare tethers from fluid membranes, at rates as those used in this study, never leads to scission 19, 21 , and we explicitly confirmed the resilience of bare tubes on forced elongation at an increased rate of ,10 mm s 21 (n 5 2). We speculate that interactions between endoA2 scaffold and the underlying membrane limit the flow of lipids during tube extension, thereby leading to increased membrane tension and spontaneous squeezing of the tube until the scission threshold radius has been reached.
The pulling speed that was required in vitro to induce the scission of endoA2-scaffolded tubes was very similar to the speed produced by microtubule-based molecular motors 22 , and microtubules have previously been implicated in the cellular entry of Shiga toxin 23 . Interference with microtubule-based functions before reduction of cellular ATP levels led to the loss of micrometre-long STxB-induced tubules (Extended Data Fig. 6b , c), while short (,200 nm) tubules persisted (Extended Data Fig. 7 ). These findings suggested that STxB-induced invaginations were recognized by molecular motors for the further processing into cells.
As indicated by a change in tube retraction force, the endoA2DH0 mutant formed a scaffold only at concentrations above 7 mM (Extended Data Fig. 6d ), seven times higher than the minimum concentration required for wild-type endoA2. Furthermore, the radius of the endoA2H0 scaffold was on average twice that of the wild-type endoA2 (23 6 10 nm, mean 6 s.d., n 5 10, versus 12 6 4 nm, n 5 6, respectively). When pulled, endoA2DH0-scaffolded tubes nevertheless underwent scission in 5 out of 5 cases (Extended Data Fig. 6e ). The N-terminal amphipathic helix thus did not have a decisive role in scission by elongation of scaffolded membrane tubes. Rather, it seemed important for efficient recruitment of endoA2 to the membrane, as well as possibly affecting the molecular organization of the scaffold.
We next investigated the role of endoA2 together with other scission factors that have been shown before to play a part in STxB uptake. The first was actin 10 . EndoA2 and actin strongly and dynamically colocalized (Extended Data Fig. 8a ), and even in endoA2-depleted cells actin was localized on STxB-induced membrane invaginations (Extended Data Fig. 8b, c ). This indicated that endoA2 was not required for actin recruitment to STxB uptake structures. Interestingly, the depletion of endoA2 or the depolymerization of actin with 0.5 mM latrunculin-A led to a similar increase in the length of STxB-induced tubules, and the concomitant treatment had an additive effect ( Fig. 4a and Extended Data Fig. 8d, e) . Thus, both endoA2 and actin contributed independently to scission probability in STxB endocytosis. In cells that were depleted of ARPC2 (p34 subunit of the Arp2/3 complex), the length of STxBinduced tubules was similar to that observed in latrunculin-A-treated cells ( Fig. 4a and Extended Data Fig. 8f ), confirming the specificity of our observations.
After depletion of dynamin, STxB-induced tubules were longer than in control cells 8 ( Fig. 4a) , and endoA2 was clearly localized on these structures (Extended Data Fig. 9a , bottom). Tubules positive for endogenous endoA2 (Extended Data Fig. 9b ) were seen only in the presence of STxB (compare 6STxB panels), in line with our model membrane results. This finding documented that these tubules did not preexist but were indeed induced by STxB. Dynamin was still found in association with STxB uptake structures in endoA2-depleted cells (Extended Data Fig. 9c ), indicating that in addition to endoA2, other proteins contribute to dynamin recruitment to membranes 24 . As for actin, concomitant depletion of dynamin and endoA2 had an additive effect on the length of STxBinduced tubules ( Fig. 4a and Extended Data Fig. 9d ).
Actin, dynamin and endoA2 thus independently contributed to the probability of scission in the STxB uptake pathway. Indeed, when dynamin and endoA2-depleted cells were concomitantly incubated with 0.25 mM latrunculin-A, tubule length increased further, leading to an unprecedented tubulation phenotype throughout the cell population ( Fig. 4a and Extended Data Fig. 9d ). Importantly, when STxB-induced tubules were binned according to their length (Fig. 4b) , a frequency shift was observed when going from unperturbed cells (condition A, red) to cells submitted to single (condition B, yellow), double (condition E, green) or triple (condition H, blue) perturbation. This data representation clearly illustrated that short tubules (most abundant in unperturbed cells) were progressively transformed into long tubules (most abundant in the triple-perturbation condition).
Protein biosynthesis inhibition is an established measure of Shiga toxin arrival in the cytosol 25 . Cells that were depleted of endoA2 or dynamin, or incubated with 0.25 mM latrunculin-A, were only weakly protected against Shiga-like toxin-1 (STx-1; note that STx-1 and Shiga toxin differ by only one residue) ( Fig. 4c and Extended Data Fig. 10a-c) . These 
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individual treatments thus failed to impose a transport block that would shut down access to the cytosol to levels that were required to be robustly detected by this extremely sensitive method. By contrast, triple treatment induced a substantial shift to the right of the intoxication curves (Extended Data Fig. 10d ), such that 5.0-fold (60.9, n 5 4) more STx-1 was required to achieve the same level of protein biosynthesis inhibition as in control conditions (see quantification in Fig. 4c) . Clearly, the scission factors endoA2, actin and dynamin needed to be inhibited simultaneously for a substantial protection of cells against STx-1. Our study reveals a novel function of endoA2 in clathrin-independent endocytosis of Shiga and cholera toxin, and suggests more generally that this BAR domain protein operates preferentially on non-clathrin sites of uptake (see ref. 26) . Our data also provide strong evidence for a function of endoA2 in the scission process. In the context of the Shiga toxin model, endoA2 is, to our knowledge, the first cellular factor that was identified to recognize specifically the mechanical signal transmitted by the toxin to the cytosol: a highly curved plasma membrane domain. Unexpectedly, our findings suggest that actin 10 and dynamin 8 contribute in an additive manner with endoA2 to scission in Shiga toxin uptake. They probably act on the same endocytic invaginations and not on parallel uptake events, since the overall length of Shiga-toxininduced plasma membrane tubules strongly increased in cells in which all three scission factors were inhibited. Such additive function in scission is unexpected and suggests that specificity within given endocytic processes is the result of defined cocktails of modular machinery. This hypothesis does not exclude a functional interaction between scission factors 27, 28 . An exciting new modality emerges from our observations that scaffolding by endoA2 sensitizes tether membranes for pullingforce-induced scission. This finding should stimulate further research into the function of cytoskeleton-based molecular motors in scission and the mechanisms by which scaffolding by BAR domain proteins prime membranes to this effect.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Antibodies and other reagents. The following antibodies were purchased from the indicated suppliers: rabbit polyclonal anti-endoA2 for western blotting (Bethyl, A302-349A, 1:2,000) or immunofluorescence and cryo-electron microscopy (Santa Cruz Biotechnology, sc-25495, 1:200 for immunofluorescence and 1:10 for cryoelectron microscopy); rabbit polyclonal anti-STxB (Covalab, 1:100 for cryo-electron microscopy); mouse monoclonal anti-clathrin heavy chain for western blotting (BD Biosciences, 610500, 1:5,000); mouse monoclonal anti-a-tubulin (Sigma, T5168, 1:5,000 for western blotting); rabbit polyclonal anti-syntaxin-16 (Synaptic Systems, 110 163, 1:1,000 for western blotting); rabbit monoclonal anti-giantin (Institut Curie, recombinant proteins platform, A-R-R#05, 1:100 for immunofluorescence); sheep polyclonal anti-TGN46 (Serotec, AHP500G, 1:200 for immunofluorescence); mouse monoclonal anti-CI-MPR (Abcam, ab2733, 1:200 for immunofluorescence); rabbit polyclonal anti-mCherry (Institut Curie, Recombinant proteins platform, A-P-R#13, 1:200 for immunofluorescence); mouse monoclonal anti-GFP (Roche Applied Sciences, 11 814 460 001, 1:1,000 for western blotting); mouse monoclonal antidynamin Hudy 1 (Upstate, 05-319, 1:200 for immunofluorescence); mouse monoclonal anti-dynamin (BD Biosciences, 610246, 1:1,000 for western blotting); rabbit polyclonal anti-ARPC2 (Millipore, 07-227, 1:1,000 for western blotting); rabbit polyclonal anti-DYNC1H1 (Proteintech, 12345-1-AP, 1:200 for western blotting); secondary antibodies conjugated to Alexa488, Cy3, Cy5, AMCA or horseradish peroxidase (HRP) (Beckman Coulter and Invitrogen). The mouse monoclonal antiSTxB antibody 13C4 was purified from hybridoma cells (ATCC CRL-1794), and the mouse monoclonal anti-clathrin heavy chain antibody X22 (used at 1:1,000 for immunofluorescence) was a gift from E. Smythe. 2-deoxy-D-glucose, sodium azide, latrunculin-A and nocodazole were purchased from Sigma. Cell culture. HeLa and BSC-1 cells were grown at 37 uC under 5% CO 2 in DMEM high glucose glutamax (Invitrogen) supplemented with 10% FCS, 0.01% penicillin-streptomycin and 5 mM pyruvate. Genome-edited SK-MEL-2 cells expressing mRFP-LCa were provided by D. Drubin, and grown at 37 uC under 5% CO 2 in DMEM/F12 (Invitrogen) supplemented with 10% FCS, 0.01% penicillin-streptomycin and 5 mM pyruvate. HeLaM cells stably expressing Mito-YFP-FRB were provided by M. S. Robinson. These were grown at 37 uC under 5% CO 2 in DMEM high glucose glutamax (Invitrogen) supplemented with 10% FCS, 0.01% penicillinstreptomycin, 5 mM pyruvate and 137.5 mg ml 21 hygomycine B. HeLaM Mito-YFP-FRB cells stably expressing C-terminally GFP-FKBP-tagged rat endoA2 were generated for this study (see below) and grown in the same medium as the mother cells, supplemented with 0.5 mg ml 21 G418. Depletion of cellular ATP. Cellular ATP was depleted as previously described 8, 29 .
In brief, cells were incubated for 15-20 min at 37 uC in PBS 11 supplemented with 10 mM 2-deoxy-D-glucose and 10 mM NaN 3 . DNA constructs and transfection. Expression plasmids for C-terminally GFPtagged rat endoA2 (P. De Camilli), mCherry-tagged m2 subunit of AP2 (C. Merrifield), mRFP-tagged dynamin-2 or clathrin light chain (LCa) (T. Kirchhausen) were provided by the indicated colleagues.
A bicistronic vector encoding SBP-mCherry-E-cadherin and KDEL-streptavidin, used for the anterograde E-cadherin transport assay, was provided by F. Perez, and a plasmid encoding LifeAct-mCherry 30, 31 by P. Chavrier. GFP-tagged mutants of endoA2 (DH0 lacking N-terminal amphipatic H0 helix, and DSH3 lacking C-terminal SH3 domain) were obtained by PCR from full-length endoA2.
For knocksideways with endoA2, a C-terminally GFP-FKBP-tagged rat endoA2 construct was engineered. For this, rat endoA2-GFP and the FKBP sequence bearing a stop codon were amplified by PCR from plasmids (for amplification of endoA2-GFP fragment, forward primer was 59-ATACTTAAGATGTCGGTGGCGGGGC TGAAG-39 and reverse primer was 59-TTCCACCTGCACTCCCATCCCTCCG CCCTTGTACAGCTCGTCCAT-39; for amplification of FKBP fragment, forward primer was 59-ATGGACGAGCTGTACAAGGGCGGAGGGATGGGAGTGCA GGTGGAA-39 and reverse primer was 59-AGTGCGGCCGCTTATTCCAGTTT TAGAAGCTC-39). The PCR fragments were designed in such a way that they possessed overlapping sequences. This allowed obtaining an endoA2-GFP-FKBP fragment via a third PCR on the two previous fragments with appropriate primers (forward primer from endoA2-GFP amplification: 59-ATACTTAAGATGTCGG TGGCGGGGCTGAAG-39; reverse primer from FKBP fragment amplification: 59-AGTGCGGCCGCTTATTCCAGTTTTAGAAGCTC-39). After insertion in a pIRESneo2 vector between AflII and NotI restriction sites, clones were validated by sequencing.
For immunofluorescence and live-cell imaging experiments, plasmids were transfected with FuGene 6 (Promega) according to the manufacturer's instructions, or using the classical calcium phosphate procedure 32 . Cells were used for experiments 16-24 h after transfection. For the production of a HeLaM Mito-YFP-FRB cell line stably expressing endoA2-GFP-FKBP, the pIRESneo2/endoA2-GFP-FKBP plasmid was transfected by electroporation, and clones were selected with 0.5 mg ml 21 G418. 15 at concentrations between 2 and 10 nM (59-AAGCAGCGATTGGTGTGACAA-39); for dynamin-2, a single siRNA at 10 nM (SI02654687: 59-CTGCAGCTCATCTTCTC AAAA-39); for a-adaptin, a single siRNA sequence 33 at concentrations between 10 and 40 nM (59-AAATGGCGGTGGTGTCGGCTC-39, Dharmacon); for ARPC2, a smartpool of 4 siRNA sequences (L-012081-00, Dharmacon: 59-CCATGTATG TTGAGTCTAA-39, 59-GCTCTAAGGCCTATATTCA-39, 59-GGACAGAGTCA CAGTAGTC-39 and 59-GTACGGGAGTTTCTTGGTA-39) at 40 nM.
For endoA2 depletion from BSC-1 cells, a single all Stealth siRNA was used (HSS109705, Invitrogen: 59-GCTGACCAACCAGATCGATGAGAAC-39). Cells seeded on 12 mm coverslips placed in 24-well plates (for microscopy) or on glassbottom 96-well plates (plate-reader experiments) were transfected twice (on days 1 and 2) with oligofectamine (Life Technologies) complexed to 8 or 1.6 pmol, respectively, of HSS109705 siRNA and analysed on day 4 (72 h after the first transfection). Recombinant proteins. Recombinant wild-type STxB, STxB-Cys and STxB-Sulf 2 were purified from bacterial periplasmic extracts as previously described 34 . C-terminally Strep-tagged mouse endoA2 and endoA2DH0 (N-terminal amphipatic helix deletion mutant) were expressed in bacteria and purified on a Strep-Tactin column (IBA), as previously described 35 . See Supplementary Information for more details. Light microscopy. For immunofluorescence studies, cells were maintained at 37 uC during the full duration of the experiment and during fixation (4% paraformaldehyde) to preserve the integrity of STxB-induced tubules. After quenching with 50 mM NH 4 Cl and permeabilization with saponin (0.5% saponin, 2% BSA in PBS), cells were incubated with primary and secondary antibodies, and mounted with Mowiol.
Fixed samples were imaged with a Nikon A1R confocal microscope equipped with a CFI Plan Apo VC 603 numerical aperture (NA) 1.4 oil immersion objective, when not specified otherwise. Wide field images were acquired on a Leica DM 6000B epifluorescence inverted microscope equipped with a HCX PL Apo 633 NA 1.40 oil immersion objective and an EMCCD camera (Photometrics CoolSNAP HQ). Super resolution images were acquired on a N-SIM (Structured Illumination Microscopy, Nikon) equipped with a CFI Apo TIRF 1003 NA 1.49 oil immersion objective and an EMCCD camera (Photometrics CoolSNAP HQ2).
For live-cell imaging, cells were grown to subconfluence on FluoroDish chambers with integrated glass coverslips (World Precision Instruments). All observations were made at 37 uC and 5% CO 2 . Different imaging devices were used. Plasma membrane images were acquired on a TIRF video microscope (Nikon) equipped with a CFI Apo TIRF 1003 NA 1.49 oil objective and an EMCCD camera (Photometrics HQ2). Other live-cell images were acquired on spinning disk confocal devices (Nikon) equipped with EMCCD cameras (Photometrics CoolSNAP HQ2). Montages, kymographs and videos were prepared with ImageJ or Fiji (NIH) and MetaMorph Software. BAR domain screening. After 24 h transfection of HeLa cells with fluorescentprotein-tagged constructs, cells were ATP-depleted for 20 min, incubated for 20 min with 1 mM STxB-Cy3 or STxB-Alexa488, fixed at 37 uC, mounted, and viewed by confocal microscopy. The initial phenotype that was scored was BAR domain protein localization on STxB-induced plasma membrane invaginations. Electron microscopy. Two different cell embedding techniques were used: cryoprotection and epon. For further details, see Supplementary Information. STxB sulfation. The sulfation assay was performed as previously described 36 . For further details, see Supplementary Information. CTxB internalization. Alexa555-labelled CTxB (Life Technologies) was used at 0.9-5 nM (50-285 ng ml
21
) and incubated on cells directly at 37 uC and 5% CO 2 (without pre-incubation on ice) for up to 10 min. After incubation, samples destined for microscopy were quickly washed once and fixed at 37 uC with pre-warmed 3.7% paraformaldehyde (PFA) in PBS (20 min, 37 uC). Samples were then washed (twice with PBS and once with 50 mM NH 4 Cl in PBS), immunostained and imaged on a laser-scanning confocal microscope (TCS Sp5 AOBS; Leica). For CTxB uptake assay, cells grown in 96-well glass bottom black plates (Thermo Scientific) were incubated with 5 nM toxin for 10 min at 37 uC, moved on ice to stop further endocytosis, washed once with ice-cold PBS to remove unbound toxin and twice with an ice-cold low pH solution (300 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 0.2 M acetic acid, pH 2.5, as described previously 37, 38 ), which removed 90 6 6% of LETTER RESEARCH the cell surface signals (n 5 3, P , 0.0001, two tailed t-test) as compared to samples incubated with the toxin on ice (surface staining). The samples were then further washed twice with ice-cold PBS (to increase the pH back to 7.4) and finally fixed on ice with 3.7% PFA for 30 min. Cells were then washed twice with PBS and once with 50 mM NH 4 Cl in PBS and incubated with 49,6-diamidino-2-phenylindole (DAPI) to label their DNA (used to normalize the number of cells in between samples and experiments). Signals from internalized CTxB-Alexa555 (protected from the acid wash) and DAPI were measured using a plate reader (FLUOstar Optima, BMG). Intoxication. The intoxication assay with STx-1 holotoxin was performed as previously described 39 . For further details, see Supplementary Information. Knocksideways. The knocksideways technique was adapted to endoA2, as described 40 . For further details, see Supplementary Information. Flow cytometry. siRNA transfected or PPMP-treated cells (as control) were detached using 4 mM EDTA and incubated for 30 min on ice with transferrin-Alexa647 (Tf-A647; 10 mg ml
) and STxB-cysteine-Alexa488 (1 mM) in PBS 11 containing 0.2% BSA. After washing in ice-cold PBS, fluorescence was measured with a LSR-II flow cytometer (BD Biosciences). Single-stained samples were used to verify that the fluorescence from each fluorophore was only detected in the expected channel. Transferrin endocytosis. The endocytosis assay was performed essentially as previously described 36 . For further details, see Supplementary Information. Transferrin recycling. Cells were incubated for 40 min at 37 uC with biotinylated transferrin with a disulfide bond (Tf-SS-biot; 60 mg ml

) in PBS
11 supplemented with 5 mM glucose and 0.2% BSA. After washing, cells were aliquoted (150,000 cells per data point) and placed for the indicated times at 37 uC in PBS 11 supplemented with 5 mM glucose and 0.2% BSA in the presence of a 50-fold molar excess of non-biotinylated holo-Tf (Sigma-Aldrich). The cells were placed on ice, washed in PBS
11
, and lysed in 10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 1 mM EDTA, 0.2% BSA, 0.1% SDS, 1% Triton X-100. The amount of cell-associated biotinylated transferrin was determined by ELISA, as in the endocytosis assay. Anterograde E-cadherin transport. The retention using selective hooks (RUSH) system was used to quantify anterograde transport of E-cadherin, as previously described 41 . For further details, see Supplementary Information. Asymmetric liposomes produced by inverted emulsion. Lipids and reagents. Egg phosphatidylcholine (EPC), cholesterol, L-a-phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) and brain total lipid extract were purchased from Avanti Polar Lipids. Ceramide trihexosides (Gb3) was purchased from Matreya LLC. All chemicals, including mineral oil were purchased from Sigma Aldrich unless specified otherwise.
Buffer composition. Inside buffer: 25 mM HEPES, pH 7.4, 100 mM NaCl, 0.5 mM EGTA and 75 mM sucrose. Outside buffer: 25 mM HEPES, pH 7.4, 100 mM NaCl, 0.5 mM EGTA, 0.05 mg ml 21 b-casein and 75 mM glucose. Liposome preparation. Asymmetric liposomes were obtained using an inverted emulsion technique 42, 43 . Lipids were dissolved in mineral oil at a total concentration of 0.5 mg ml 21 , with a composition of egg phosphatidylcholine:cholesterol:Gb3 at a molar ratio of 65:30:5 (inner leaflet) or of brain total lipid extract: PtdIns(4,5)P 2 at a mass ratio of 95:5 (outer leaflet). A volume of 2.5 ml of each oil-lipid mixture was sonicated in a bath at 35 uC for 30 min at a power of 30 W, cooled and stored for 1 day at room temperature. A volume of 30 ml of the outer leaflet oil-lipid mixture was poured in a tube on top of the same volume of the outside buffer. The tube was left at room temperature for at least 2 h. In the meantime, an emulsion was obtained by mixing a volume of 250 ml of inner leaflet oil-lipid mixture with 1.25 ml of inside buffer (with or without proteins) and by pumping back-and-forth with a syringe. Then, 50 ml of this emulsion was slowly added to the top phase of the tube and immediately centrifuged at 250g for 5 min. Asymmetric liposomes were thus obtained at the bottom of the tube and were collected by removing the upper oil phase.
Liposome observation. Liposomes were observed with an IX70 Olympus inverted microscope equipped with a Olympus 100 oil-immersion phase-contrast objective, numerical aperture (NA) 1.35 (Olympus). Fluorescent Shiga toxin was excited by a 200 W mercury lamp (OSRAM). Images were acquired with a cooled CCD camera CoolSNAP ES (Photometrics). Preparation of giant unilamellar vesicles. Brain total lipid extract, 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethyleneglycol)-2000] (DSPE-PEG(2000)-biotin), and PtdIns(4,5)P 2 were purchased from Avanti Polar Lipids. BODIPY-TR-C5-ceramide was obtained from Molecular Probes. All reagents used to make buffers and b-casein from bovine milk (.99%) were purchased from Sigma-Aldrich.
Giant unilamellar vesicles (GUVs) were prepared by electroformation on platinum wires. Approximately 5 ml of the lipid mix, containing ,95% brain total extract, 5% PtdIns(4,5)P 2 , ,0.3% DSPE-PEG(2000)-biotin and 0.5% BODIPY-TR-C5-ceramide (all molar fractions), was deposited on platinum wires at 3 g l
21
, and dried under vacuum for 1 h. GUVs were grown overnight in a mixture of 200 mM sucrose, 50 mM NaCl, 20 mM HEPES, pH 7.4, at n 5 500 Hz, I 5 0.25 V, t 5 4 uC.
Tether-pulling experiments and data analysis. An experimental chamber, consisting of two parallel coverslips, spaced a few millimetres from each another, was immersed in a 5 g l 21 solution of b-casein for 30 min to passivate the glass surface. The chamber was filled with 5-10 ml of the electroformation solution and 200 ml buffer solution (200 mM glucose, 50 mM NaCl, 20 mM HEPES, pH 7.4). The chamber was sealed with oil after ,10 min to prevent evaporation. GUVs with visible fluctuations were aspirated in a micropipette. Membrane tension was controlled via the aspiration pressure. A tether was created by bringing in contact the GUV with a streptavidin-coated polystyrene bead, approximately 3 mm in diameter (Spherotec), trapped with optical tweezers. Using another micropipette, endoA2 was injected in the vicinity of the GUV (at bulk concentrations in the micropipette 0.3-5 mM per monomer for the wild type and 5-7 mM for the endoA2DH0 mutant). The force measurements were then repeated.
Pulling-force induced fission. After a scaffold has formed, confirmed with the drop in force, the source of the protein was removed and the tether was further elongated at a rate of 0.5 mm s
. The radius of the tube was determined from the intensity of the fluorescence signal of the tube, considering that the ratio of fluorescence intensities of lipids inside the tube and inside the vesicle is proportional to the surface of the tube. To get absolute values, we used a normalization factor determined previously 44 . Image quantifications. All image quantifications were performed with ImageJ or Fiji (NIH) and Matlab (MathWorks). Quantification of STxB transport to the Golgi apparatus. Z-stacks were acquired on images of cells in defined experimental conditions. STxB-Cy3 fluorescence intensities were measured with ImageJ software (NIH) on z-projections, either from the entire cell, or from the Golgi region, as defined by giantin labelling. The ratio was then calculated as an index of Golgi localization. Quantification of transferrin-Alexa488 endocytosis. The mean intensity of transferrin-Alexa488 fluorescence in the cell area was measured with ImageJ software (NIH) as above on z-projections, after background correction. Mean fluorescence intensities of control conditions were considered as 100%. Quantification of colocalization on TIRF images. To quantify the colocalization between two channels, an object-based method was used, as implemented in JACoP 45 , based on the coincidence between two centroids with a 0.5 pixel tolerance. This was achieved in an ImageJ macro by first segmenting the tagged proteins by spot detection in each channel, finding their position, and growing them by dilation to 0.5 pixel radius. The spot detection consisted in finding maxima on the smoothed image (3 3 3 average filter) using the 'find maxima' plugin of ImageJ, whose noise tolerance parameter was set up visually independently for each channel. The results were expressed as the percentage of colocalized spots over the total number of spots in the red and the green channel, respectively. Quantification of endoA2-GFP recruitment to the plasma membrane. Spinning disk time series at fixed z-positions were acquired for 80 s at 37 uC with 0.84 s intervals and an exposure time of 80 ms for each channel. STxB was added 15 s after the beginning of each time series. Images were then treated with Fiji. Plasma membrane segments were selected randomly and linear regions of interest (ROI) were drawn. The mean fluorescence along ROI was measured in each channel over all images of a time series. Data were plotted for fluorescence intensity (in percentage of maximum intensity) over time (in seconds). Quantification of endoA2 spot lifetime. Kymographs were obtained from image stacks using MetaMorph Software. Kymographs were processed using a first Fiji macro. The first step consisted in the creation of background images that were subtracted from the original images. Background images were obtained using the 'remove outliers' plugin with a 5-pixel radius and a 50 grey level threshold. An automatic threshold was then proposed and adjusted visually to select the tracks. Selected tracks were saved in ROI files for each image. A second macro was then used to measure the length of tracks, with a step allowing manual correction of ROI, if required. The lifetime of each structure was extracted from the length of the bounding boxes of the segmented tracks in the kymographs, corresponding to their length in frames. Quantification of STxB-induced tubule length. The quantification of STxBinduced tubule length was achieved in batch for all images by segmenting the tubular structures and skeletonizing them so that the number of pixels of tubules was proportional to their length. For this, we used a Fiji macro based on the enhancement of tubular structures by computing eigenvalues of the hessian matrix on a Gaussian filtered version of the image (sigma 5 1 pixel), as implemented in the tubeness plugin. The tubules were then thresholded and structures containing less than 3 pixels were discarded. A visual check was performed and a manual correction of segmented tubules was done, if required. The segmented and corrected structures were then reduced to a 1-pixel thick skeleton, using the Fiji plugin 'skeletonize'. Data were grouped by conditions and the length of skeletonized tubules in pixels was converted in micrometer units using Matlab (MathWorks).
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Statistical analyses. All statistical analyses were performed using Prism v4.0 software (Graphpad Inc). Data were tested for Gaussian distribution with KolmogorovSmirnov test (with Dallal-Wilkinson-Lillie for P value). In case of non-Gaussian distribution, the following non-parametric tests were used: two-tailed Mann-Whitney U test if there were only two conditions or one-way ANOVA (Kruskal-Wallis test) with a Dunn's test if there were more than two data groups to compare. In case of Gaussian distribution, the following parametric tests were used: two-tailed t-test for the comparison of the means if there were only two conditions to compare, parametric one-way ANOVA with a Bonferroni test if there were more than two data groups. Significance of mean comparison is represented on the graphs by asterisks. All error bars denote s.e.m., except if stated otherwise. No statistical method was used to predetermine sample size.
Extended Data Figure 1 with nanogold-coupled STxB (113 images). c, HeLa cells were incubated for 45 min at 37 uC with nanogold-coupled STxB, fixed, treated for silver enhancement, and viewed by electron microscopy after sectioning (32 images). Note the strong signal in the Golgi region (G), which validated the functionality of the conjugate. Some STxB-nanogold could still be seen at the plasma membrane (PM) and in endosomes (E). N, nucleus. d, HeLa cells were transfected with negative control siRNAs, or siRNAs against endoA2, incubated for 30 min on ice with nanogold-coupled STxB, shifted for 5 min to 37 uC, and then fixed. Silver enhancement was used to enlarge nanogold particles. Note that STxB-containing invaginations (arrowheads) were much longer in endoA2-depleted cells than in cells transfected with negative control siRNA. Quantification is shown in Fig. 2b a, Knocksideways. HeLaM cells stably expressing Mito-YFP-FRB and rat endoA2-GFP-FKBP (green) were transfected with negative control siRNAs (siCtrl), or siRNAs against human endoA2 (siEndoA2) that did not cross with the rat sequence. STxB-Cy3 (0.5 mM, red) was incubated for 15 min at 37 uC with ATP-depleted cells. The cells were then fixed at 37 uC, and viewed by confocal microscopy. Quantification of tubule formation and cell numbers are shown in Fig. 3a . Note that STxB-induced tubule length reversibly increased after endoA2-GFP-FKBP sequestration. The depletion of endogenous human endoA2, and the expression of GFP-FKBP-tagged rat endoA2 were assessed by western blotting with anti-endoA2 and anti-GFP antibodies, respectively. Western blotting against CHC was used as loading control. b, c, Interfering with microtubules or dynein motors strongly affects STxBinduced tubule length. b, HeLa cells were incubated for 1 h at 37 uC with DMSO or 10 mM nocodazole, ATP-depleted for 20 min, and then incubated for 10 min at 37 uC with 0.5 mM STxB-Cy3 (red) in the same conditions. Labelling with an antibody against a-tubulin (green) was used to visualize the efficiency of nocodazole treatment. Long tubular structures containing STxB could not be detected after incubation with nocodazole (2ATP/1DMSO: 18 images; 2ATP/1nocodazole: 16 images; three independent experiments). c, Heavy chains of cytoplasmic dyneins (DYNC1H1 and DYNC2H1) were depleted from HeLa cells with siRNAs. Cells were ATP-depleted and then incubated for 10 min at 37 uC with 0.5 mM STxB-Cy3 (red). The presence of long STxBinduced tubules was strongly decreased under these conditions. Tubule length was quantified for negative-control-siRNA-treated cells (siCtrl, n 5 188 tubules in 74 cells) and for DYNC2H1-depleted cells (siDYNC2H1, n 5 165 tubules in 60 cells); two independent experiments. Quantifications show means 6 SEM. ***P , 0.001, two-tailed Mann-Whitney U test. The western blot documents the efficiency of DYNC1H1 depletion. a-tubulin was used as a loading control. d, e, Model membranes experiments. d, Measurement of tube pulling force over time in the absence or presence of endoA2DH0 mutant (7 mM in injection pipette). Representative of six experiments. e, Scission experiments with tethers that were coated with endoA2DH0 (n 5 5). Scale bars,10 mm (a, c) and 5 mm (b, e). During the last 20 min, ATP was depleted. Cells were then incubated for 10 min with STxB-nanogold in the continued presence of inhibitors, fixed, and prepared for electron microscopy. In the DMSO condition (top), long tubular structures connected to the cell surface were observed (magnified views in right insets, red arrowheads in C), as expected from light microscopy experiments. These structures were in close proximity with cytoskeletal elements, as indicated with blue arrowheads in magnifications A and B. In the nocodazole condition (bottom), STxB-induced plasma membrane invaginations were still present (arrowheads), but much shorter (mean length of 118.2 6 7.0 nm, n 5 109 invaginations; 0.90 6 0.12 invaginations/mm of plasma membrane, n 5 28 images; three independent experiments) than in the absence of the compound. Scale bar sizes are indicated.
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STxB-Cy3 α-endoA2 α-CHC Overlay dynamin and actin on STxB-induced membrane invaginations. a-c, Endogenous endoA2 and dynamin are found on STxB-induced plasma membrane invaginations. a, Dynamin-2 was depleted from cells (siDNM2), which were then incubated continuously for 5 min at 37 uC in the presence or absence of 0.5 mM STxB-Cy3 (red), fixed, labelled for the indicated markers, and analysed by confocal microscopy. Note that endoA2-containing tubules (green) were seen only in the presence of STxB. No overlap was observed with clathrin (blue). -STxB: representative of 15 images; 1STxB: representative of 35 images; two independent experiments. b, Experiment as in a on wild-type cells that were analysed by wide field microscopy. As above, endoA2 (green) was found on tubular structures only in the presence of STxB (red). The quantification shows mean 6 s.e.m. of 3 independent experiments on 234 cells without STxB (2STxB) and 921 cells with STxB (1STxB). **P , 0.01, two-tailed t-test. c, Negative control siRNA transfected HeLa cells and endoA2-depleted cells were incubated for 5 min at 37 uC in the presence of 0.5 mM STxB-Cy3 (red). Endogenous endoA2 (blue) and dynamin (green, arrowheads) were labelled with specific antibodies, detected by immunofluorescence, and viewed by structured illumination microscopy. Note that dynamin localized in spots on STxB-induced invaginations, while endoA2 distributed in a continuous manner. d, Analysis of STxB-induced plasma membrane invaginations in function of endoA2 and dynamin-2 depletion, and actin perturbation. HeLa cells were depleted for dynamin-2 alone, dynamin-2 in combination with endoA2, or both depletions in combination with 0.25 mM latrunculin-A treatment, as indicated. These cells were then incubated continuously for 5 min at 37 uC with 0.5 mM STxB-Cy3 (red), fixed at 37 uC, and viewed by confocal microscopy. Note that the tubulation phenotype increased with each additional interference modality (siDNM2: 21 images; siEndoA21siDNM2: 15 images; siEndoA21siDNM21LatA: 16 images; two independent experiments). The quantification of tubule length in the different experimental conditions of this figure is shown in Fig. 4a . The depletion of dynamin-2 and endoA2 was validated by immunoblotting. CHC was used as loading control. Scale bars, 5 mm (a, b), 0.5 mm (c) and 10 mm (d).
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